Energy and exergy efficiencies of a supercritical power plant have been studied in this paper. The effect of ambient weather condition was considered on the condenser pressure. It was shown that high ambient temperature has more adverse effect on the exergy efficiency than the energy efficiency. As ambient temperature increases, the exergy efficiency of the boiler, condenser, heaters and feed water pump decrease, while the exergy efficiency of the turbine improves slightly. The analysis showed that exergy efficiency of the supercritical boiler is considerably higher than the conventional boiler but it is still the main source of total irreversibility.
Introduction
Improving the performance of power plant is a never ending subject. In addition to energy analysis which elaborates on the quantity of efficiency, exergy analysis has been used to indicate the performance quality of the power plant. In exergy analysis, the second law of thermodynamics is used for furthering the goal of more efficient energy-resource use. Exergy analysis enables to accurately identify the locations, types and magnitudes of wastes and losses to determine the meaningful efficiency . Summaries of the evolution of exergy analysis are provided by Kotas (1985) , Moran and Sciubba (1994) , Szargut et al. (1988) , Bejan et al. (1996) , Rosen (1999) , Dincer (2002) and Rezac and Metghalchi (2004) . In recent years, many researchers have used exergy analysis in the residential and industrial processes (Wall et al., 1994; Rosen et al., 2004; Pope, 2005; Utlu et al. 2006; Saidur et al., 2006; Saidur et al., 2007a Saidur et al., , 2007b Xi et al., 2009; Al-Ghandoor et al., 2010) . Dincer and Al-Muslim (2001) studied the way that energy and exergy efficiencies of a thermal power plant are affected by parameters such as the boiler pressure and temperature and the ratio of mass flow rate of the steam leaving the turbine for feed water heaters. Kopac and Hilalci (2007) studied the effect of ambient temperature on the exergy efficiency of Catalagzi power plant in Turkey. They found that the highest exergy losses take place in the boiler, while the highest energy losses occur in the condenser. They also found that an increase in ambient temperature decrease the exergy efficiency of all power plant components except the condenser. In their analysis they assumed a constant condenser pressure at different ambient temperatures which is not consistent with actual situation. Kanoglu et al. (2007) discussed various definitions of energy and exergy efficiencies in the most conventional power cycles and showed that these terms are frequently misused or misunderstood. They suggested using a careful definition of energy and exergy efficiencies before using them for designing, analysing and optimising any thermal systems. Rosen and Tang (2008) investigated the effect of changing excess air and stack gas temperature on the energy and exergy of a coal-fired power plant. They found that the performance increases by decreasing the fraction of excess air in the boiler and also reducing the stack gas temperature. Aljundi (2009) studied energy and exergy analysis of Al-Hossien power plant in Jordan and showed that maximum exergy destruction occurs in the boiler (77%) followed by the turbine (13%). He also discussed the effect of varying the reference environment state on the exergy analysis and found that for moderate change in the reference state, no drastic change in the performance of the major components are realised. Saidur et al. (2010) applied the energy and exergy approaches to analyse an industrial boiler. They calculated the energy and exergy efficiencies of the boiler and found that the combustion phenomenon contributes the biggest amount of exergy destruction (65%) followed by the heat transfer (35%). They offered several energy saving measures such as using of variable speed drive in boilers fan and heat recovery from flue gas to increase the efficiencies. Regulagadda et al. (2010) studied thermodynamic analysis of a subcritical boiler-turbine generator in a 32 MW coal-fired power plant. They conducted a parametric study on the plant under various operating conditions, including different operating pressures, temperatures and flow rates, in order to determine the parameters that maximise plant performance. They found that boiler and turbine irreversibility yield the highest exergy losses in the power plant.
Reviewing studies on the exergy analysis of power plant shows that despite existence of many publications in this area, most of them used simplifying assumptions in the analysis which may not be consistent with actual conditions. For example, most researchers (Kopac and Hilalci, 2007; Aljundi, 2009 ) used a constant pressure assumption in the condenser even though ambient temperature varied considerably. The other deficiency in the literature is lack of investigation on the exergy analysis of a supercritical power plant, despite the fact that about one-third of fossil-fueled power plants in the world are working in supercritical cycle. In supercritical power plant, once-through boiler is used instead of conventional steam-drum boiler. In this type of boiler the working fluid is heated directly from liquid state to supercritical state by bypassing the saturation region. This process allows a closer temperature match between vapour and gaseous product, resulting in less exergy destruction due to heat transfer irreversibility. Since the boiler is the main source of exergy destruction in the Rankine cycle; therefore, it is important to investigate the exergy efficiency of boiler in this situation. Supercritical power plant has higher efficiency than subcritical one but its exergy analysis has not been addressed yet. In this paper, an attempt was taken to analyse the effect of ambient temperature and relative humidity on the irreversibility rate and exergy efficiency of different components of a supercritical power plant while the change in the condenser pressure was taken into account. This helps to find a better understanding of supercritical power plant performance in the actual situation and its difference with subcritical one.
Exergy analysis
There is an increasing interest in using exergy analysis for different components of a thermal system since it can provide a better understanding of the process and quantifies the sources of inefficiency in each component. In the exergy analysis, complete equilibrium of the system with environment including the chemical and thermal equilibriums is considered. Exergy lost or irreversibility of every single component in the cycle is determined and the total irreversibility of the cycle can accordingly be calculated. The exergy balance in a system in contact with n heat sources which has a net generated work equal to , W and has multiple inlets and outlets is represented as follows (Bejan, 1995) :
Flow exergy is generally divided into thermo-mechanical and chemical exergies which can be shown by the following equation:
Thermo-mechanical exergy includes kinetic, potential and physical exergies which can be represented as follows:
Physical exergy of the flow is calculated from the following relation (Cengel and Boles, 1994) :
The standard chemical molar exergy of the fuel constituent parts , ( )
e can be found in thermodynamic tables (Kotas, 1985) . The molar chemical exergy of gas mixture is found from the following relation (Moran and Shapiro, 2000) :
, ,
where i y is the molar ratio of the fuel constituent part. The molar chemical exergy of the combustion gases is obtained from the following relation (Moran and Shapiro, 2000) :
where e i y is the molar ratio of the environment elements and X i represents the unknown coefficients calculated in the combustion process.
Modelling and simulation of power plant components
In order to consider actual data for the analysis, an existing supercritical power plant (Ramin Power Plant in Ahvaz, Iran) working at very hot region in south of Iran was chosen for the analysis. It has a once-through supercritical boiler, three high, medium and low pressure turbines, seven close-type feed water heaters and one open-type feed water heater and generate net power of 315 MW. Figure 1 shows a schematic diagram of the plant and Table 1 shows its operating values. Fuel of boiler is natural gas including The energy and exergy analysis of the cycle has been made using the 'EES' software. The combustion process is assumed to be complete (Jamil, 1994) 
where α is the percentage of the excess air, f i is the molar fraction of the fuel components parts and n v,a is the number of moles of the humidity entering the combustion chamber with dry air. The unknown coefficients can be calculated by a molar balance and then the energy and exergy balance of the combustion gases can be performed. For different components of the cycle, the exergy destruction and the exergy efficiency can be obtained by applying exergy balance as follows: 
The energy balance equation for calculating adiabatic flame temperature is:
The destroyed exergy due to combustion process and heat transfer can be expressed as:
, ,heat , , , ,com .
The second law efficiency of combustion process and heat transfer process in boiler can be expressed as (Saidur et al., 2010 
In the above equations, in,b W is the work consumed by the auxiliary equipments of the boiler, such as fans. Figure 2 shows temperature-entropy diagram of the plant. 
Modelling condenser pressure variation
As mentioned above, in the previous investigations a constant pressure assumption was used for condenser analysis regardless of any changes in the ambient temperature, which is not realistic. In practice, the condenser pressure of power plant varies considerably as ambient temperature and relative humidity changes because of the changes in the cooling water temperature. Therefore, it is required to model the variation of condenser pressure at different ambient conditions. Condenser pressure and inlet water temperature to the condenser were empirically measured at different ambient temperatures and relative humidities to model its behaviour. It was found that in most of time the average local relative humidity was around 30%. Therefore, this relative humidity was used to calculate different wet bulb temperature of local area at ambient dry bulb temperature. Table 2 shows variations of the condenser pressure and the cooling tower temperature at different ambient temperatures assuming constant relative humidity equal to 30%. The condenser outlet water temperature is typically 10ºC higher than the inlet water temperature. 
Results and discussions
Thermodynamic properties of the cycle at different points are listed in Table 3 . The energy balance of power plant at normal condition is shown in Table 4 . Table 5 shows total exergy of the working fluid at different points as ambient temperature change. The exergy analysis of different components can be obtained by using these data. Table 6 presents the first and second law efficiencies of major components of the cycle when ambient temperature is 25ºC. Obviously, the boiler and turbine are the major sources of irreversibility in the cycle. In the following, the effect of condenser pressure changes due to ambient condition changes, on the performance of the power plant are discussed. Figure 3 shows the effect of ambient temperature on the energy and exergy efficiencies of the power plant when constant condenser pressure approach is used. Figure 4 shows the same results but when variable condenser pressure approach is taken into account. As shown, the energy efficiency is constant in the case of using constant pressure in the condenser but it decreases with ambient temperature when variable condenser pressure is taken into account. The exergy efficiencies decrease in both cases but the rate of reduction is higher when variable condenser pressure approach is taken into account. Actual data from the power plant agree with variable pressure approach in the condenser.
Figure 3
Effect of ambient temperature on the energy and exergy efficiencies at constant pressure (see online version for colours)
Figure 4
Effect of ambient temperature on the energy and exergy efficiencies at variable condenser pressure (see online version for colours) Table 5 Total exergy rate of different points of power plant at different ambient temperatures (kW) Figure 5 illustrates irreversibility of the different components of the plant at different ambient temperatures using constant condenser pressure approach. As shown, irreversibility of all components are increased as ambient temperature increases except the condenser. Irreversibility reduction in the condenser can be explained by noting the reduction of temperature difference between the steam and the cooling water, as the dead-state temperature is increased. This will decrease the external irreversibility and hence will increase the exergy efficiency. This result is in agreement with other findings (Kopac and Hilalci, 2007; Aljundi, 2009) . Figure 6 shows how the irreversibility of different components varies with ambient temperature, when variable condenser pressure approach is used in the analysis. As shown, irreversibility of all components except turbines is increased as ambient temperature increases. Turbine irreversibility reduction is the result of reduction of temperature difference between the turbine inlet and outlet temperature. Because by increasing the ambient temperature, the condenser pressure and temperature are increased. The increase in the condenser irreversibility is the result of increase in the temperature difference between steam and cooling water as the dead state temperature is increased. As seen, depending on the approach used in treating the condenser pressure, the final results may vary considerably. Because variable condenser pressure approach is close to the actual situation, it is suggested to use this approach in the exergy analysis of a power plant. The results reveal that for a 1 C increase in the ambient temperature, total irreversibility of the plant increases about 1.51 MW.
Moreover, Figures 5 and 6 , indicate that boiler is still the main source of irreversibility in the power plant and total irreversibility largely follows by the boiler irreversibility. Comparison of exergy efficiency of supercritical boiler, Table 6 , (45.48%) with conventional boiler which is around 25-30% (Saidur et al., 2010) shows that exergy efficiency of supercritical boiler has improved considerably. Two major sources of irreversibility in the boiler are combustion phenomena and heat transfer between hot gas and working fluid. To make any improvement in the boiler performance, it is necessary to estimate the share of each source of irreversibility in the boiler. Figure 7 shows the share of each source of irreversibility at different ambient temperatures in terms of total irreversibility of the power plant. Clearly, irreversibility generation due to combustion is more that heat transfer process. The figure also shows that increasing in the ambient temperature does not change irreversibility ratio of the heat transfer but slightly increases irreversibility ratio of the combustion process.
The high irreversibility in the boiler heat exchanger is due to finite temperature difference between the combustion gases and the working fluid (water and steam). Heat exchangers are generally inefficient from exergy standpoint because they have mostly been designed on the basis of low first cost. That dictates a minimum sized unit which results to cheaper heat exchanger; consequently, the temperature difference between the fluid streams is maximised. The larger is the temperature difference in heat exchanger, the greater will be the exergy loss during heat transfer. Optimising heat transfer area and its configuration, effective arrangement and better material selection are the primary ways to improve system performance. A combustion process usually occurs simultaneously with heat transfer. The losses in the combustion chamber are due to the increase in the entropy of the combustion gases and heat loss within products of the combustion gases leaving the stack. Improvements in fuel combustion efficiency can greatly contribute to improvement in the boiler and system performance (Regulagadda et al., 2010) . Figure 8 shows how the energy efficiency of the power plant changes with ambient temperature at different relative humidities. As seen, when relative humidity increases the performance of the power plant reduces. When ambient temperature is low, the rate of reduction is slightly higher than other condition. This decrease is due to the adverse effect of ambient humidity on the performance of the cooling towers, which causes an increase in the condenser pressure. Figure 9 shows the variations of the power plant exergy efficiency with ambient temperature at different relative humilities. As seen, the exergy efficiency decreases as the relative humidity increases 
Conclusion
Exergy analysis was used to investigate the irreversibility rate of different components of a supercritical power plant at different ambient temperatures and relative humidities. Two approaches, namely constant and variable condenser pressure, were used to model the condenser behaviour. It was found that the results of exergy analysis have considerable difference depending on the type of approached used in modelling the condenser. If constant pressure in condenser is assumed, the exergy lost in the condenser is decreased, as ambient temperature increases, but it will be increased if variable condenser pressure is taken into account.
Variable condenser pressure approach was recommended for exergy analysis since it is close to the actual condition. As ambient temperature increases, exergy efficiencies of the boiler, condenser, heaters and feed water pump decrease, while the exergy efficiency of the turbine improve slightly. For 1°C increase in the ambient temperature, total irreversibility increases 1.51 MW. Exergy efficiency of supercritical boiler is considerably higher than conventional one; however, it is still the main source of total irreversibility in the cycle followed by the turbine. The share of irreversibility due to the combustion process is more than the heat transfer process in the supercritical boiler. It was also found that not only increasing the ambient temperature, but also increasing the relative humidity deteriorates the energy and exergy efficiencies of the power plant. 
